AD-A245 065 y e o
LI @

NAVAL POSTGRADUATE SCHOOL

Monterey, California

&"s,

o ﬁf
THESIS

Performance of Fast Frequency-Hopped Noncoherent MFSK
Conventional and Self-Normalization Receiver over Rician- and
Rayleigh-faded channel with Partial-Band Interference

by
Lee, Kang Yeun

Thesis Advisor: R. Clark Robertson

Co-Advisor: Tri T. Ha

Approved for public release; distribution is unlimited

02322 N
\\ll\\|\|\\|\l|\\||.§|\\II|\\“I\1I\|!\|\\|I| SRR




Unclassified

security classification of this page

REPORT DOCUMENTATION PAGE

la Report Security Classification Unclassified 1b Restrictive Markings
2a Security Classification Authority 3 Distribution. Availability of Report
2b Declassification Downgrading Schedule Approved for public release; distribution is unlimited.
4 Performing Orgamzation Report Number(s) 5 Monitoring Organization Report Number(s)
6a Name of Performing Organizauon 6b Office Symbol 7a Name of Monitoring Organization
Naval Postgraduate School (if applicable) 3A Naval Postgraduate School
6¢ Address (city, state, and ZIP code) 7b Address (city. state, and ZIP code)
Monterey, CA 93943-5000 Monterey, CA 93943-5000
8a Name of Funding Sponsoring Organization | 8b Office Symbol 9 Procurement Instrument Identification Number

(if applicable)
8¢ Address (city, state, and ZIP code) 10 Source of Funding Numbers

Program Element No [ Project No lTa.sk No ]Work Unit Accession No

11 Tutle (include security classification) PERFORMANCE OF FAST FREQUENCY-HOPPED NONCOHERENT MFSK
CONVENTIONAL AND SELF-NORMALIZATION RECEIVERS OVER RICIAN- AND RAYLEIGH-FADED
CHANNEL WITH PARTIAL-BAND INTERFERENCE

2 Personal Author(s) Lee, Kang Yeun

13a Type of Report 13b Time Covered 14 Date of Report (year, month, day) 15 Page Count
Master’s Thesis From To September 1991 :

16 Supplementary Notation The views expresscd in this thesis are those of the author and do not reflect the official policy or po-
sition of the Department of Defense or the U.S. Government.

17 Cosati Codes 18 Subject Terms (continue on reverse if necessary and identify by block number)

Field Group Subgroup | frequency hopping, spread spectrum, partial-band interference

19 Abstract (continue on reverse if necessary and identify by block number)

An error probability analysis is perfonmed for an M-ARY orthogonal frequency shift keying (MFSK) receiver employing
fast frequency-hopped (FH) spread spectrum waveforins transmitted over a fading channel with partial-band interference.
The partial-band interference is modeled as a Gaussian process. Wideband thermal noise is also included in the analysis.
Diversity is performed using multiple hops per data bit. Each diversity reception is assumed to fade independently according
to a nonsclective Rician process. A nonlmear combination procedure referred to as self-normalization combining is employed
by the receiver to minimize partial-band interference effects.

26 Distuibution Avalability of Abstract 21 Abstract Security Classification

unclassified uniimted (J same as report O PTIC users Unclassified

22a Name of Responsible In.dividual 22b Telephone (include Area code) 22¢ OfTice Symbol

R. Clark Robertson (408) 646-2383 EC/Rc
DD FORNM 1473,83 MAR 83 APR edition may be used until exhausted security classification of tius page

All other editions are vbsolete

. Unclassified
1




Approved for public release; distribution is unlimited

Performance of Fast Frequency-Hopped Noncoherent MFSK
Conventional and Self-Normalization Receivers over Rician- and
Rayleigh-faded channel with Partial-Band Interference

by

Lee, Kang Yeun
BSEE(Korean Airforce Academy) .,
Major, Korean Airforce, Korea.

Submitted in partial fulfiliment of the
requirements for the degree of

MASTER OF SCIENCE IN SYSTEMS ENGINEERING
(Electronic Warfare)

from the
NAVAL POSTGRADUATE SCHOOL

September, 1991

g7 B

Lee, Kang Yeun

Approved by: m% %ﬂk

Y* R. Clark Robertson, Thesis Advisor

T'u' T "H—k.

Tri T. Ha, Co-Advisor

ésephi Sternberg, Cha.irﬁn

Electronic Warfare Academic Group

1




ABSTRACT

An error probability analysis is performed for an M-ary orthogonal frequency
shift keving (MFSK) receiver employing fast frequency-hopped (FH) spread spectrum
waveforms transmitted over a fading channel with partial-band interference. The
pariial-band interference is modeled as a Gaussian process. Wideband thermal noise is
also included in the analysis. Diversity is performed using multiple hops per data bit.
Each diversity reception is assumed to fade independently according to a nonselective
Rician process. A nonlinear combination procedure referred to as self-normalization

combining is employed by the receiver to minimize partial-band interference effects.
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I. INTRODUCTION

Spread spectrum communication systems are designed to use signals having a
much wider bandwidth than ordinary communication systems. Some of advantages
of spread spectrum signals are the energy gain achivable against a narrow band jam-
mer, low probability of detection (LPD), low probability of intercept (LPI), multiple
access operation, and the capability to overcome the effects of multipath [Ref. 1].
The primary disadvantages of spread spectrum signals are the time and frequency
synchronization required by the receiver which make it difficult to implement the
system and the wide frequency band requirement. There are three primary spread
spectrum communication methods: time hopping (TH), frequency hopping (FH) and
direct spreading (DS). This thesis presents an error probability analysis of two fast
frequency-hopped M-ary orthogonal frequency-shift keyed (FFH/MFSK) systems,
where the term ‘fast’ implies that the frequency-hopping rate is greater than the
symbol rate. The first to be examined is a conventional FFH/MFSK system and,
the second is a self-normalization FFH/MFSK system. Both systems use noncoher-
ent detection. The channel is assumed to experience both fading and partial-band
interference. The performance of the two receivers is compared with each other as
well as with another type of FFH/MFSK receiver referred to as a noise-normalization

receiver [Ref. 2].

A. Conventional Receiver and Self-Normalization Receiver
In the conventional FFH/MFSK receiver, illustrated in Fig. 1.1, the input
signal] passes through a videband radio frequency (RF) filter and is mixed with the

frequencies which are created pseudo-randomly in the frequency synthesizer to dehop
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Figure 1.1: Block Diagram of Conventional FFH/MFSK noncoherent Re-

ceiver




and convert the signal frequency down to intermediate frequency (IF). The bandwidth
of the RF filter (W) must be wide enough to pass all possible hopping frequencies,
while the bandwidth of the IF filter (B) needs pass only one hopping frequency.
Thus, the bandwidth of the RF filter (W) is approximately equal to N B, where N is
number of the hopping frequencies. The receiver has M different branches for each of
the M different symbols. The IF signal is demodulated with a bandpass filter and a
quadratic detector. The output signal from each quadratic detector is sampled L times
and combined to provide a decision statistic between the M available outputs. The
transmitter uses fast frequency-hopping to provide L independent samples through
frequency diversity. The receiver is assumed to dehop the signal with perfect timing.

In the self-normalization receiver, illustrated in Fig. 1.2, each of the M quadratic
detector outputs are divided by the sum of the quadratic detector outputs from all
M channels. This normalization factor is the only difference from the conventional
receiver. When partial-band interference present, the hops that are corrupted by the
partial-band noise jamming dominate the performance of the conventional detector
since each hop is equally weighted in the overall decision statistic. The normalization
factor minimizes this effect in the self-normalization receiver. As with the conven-
tional FFH/MFSK receiver, the L samples at the output of the M quadratic detectors
are combined to provide a decision statistic between the M available quadratic detec-

tor outputs, and the receiver is assumed to dehop the signal with perfect timing.

B. Fading

For both receivers investigated in this thesis, the received signal is assumed
to be a combination of a single, nonfaded (direct) component and many reflected
(diffuse) signals. By modelling the fading as Rician, in which the signal is considered

to consist of a direct signal component and a diffuse signal component, we obtain a
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general result that is valid in the limit of large direct-to-diffuse signal power ratios
for Gaussian channels and in the limit of small direct-to-diffuse signal power ratios
for Rayleigh fading channels as well as the general case where the effects of both the
direct and diffuse components of the signal must be included in the analysis. For a

Rician faded signal with amplitude v/2a;, the probability density function is [Ref. 3]

2 2
ag a; + aj apag
far(ar) = 5= exp (——2—05—) Io ( 52 ) u(ax) (1.1)

where a? is the power of the direct signal component, 202 is the power of the diffuse

signal component, u(e) is the unit step function, and Iy(e) is the zeroth-order modified
Bessel function of the first kind. When the direct signal component power is zero,
which occurs in times of deep channel fading on the channel such as when the direct
communication path is blocked by terrain or other obstacles, the probability density

function reverts to the Rayleigh probability density function [Ref. 3]

a 2
ufon) = Hexp (~ ok ) u(an (2)

Also in this thesis, we assume that the smallest spacing between frequency hop
slots is larger than the coherence bandwidth of the channel [Ref. 4]. As a result, each
hop of a symbol experiences independent fading. In addition, the channel for each
hop of a symbol is modeled as a frequency-nonselective, slowly fading Rician process.
This implies that the signal bandwidth is much smaller than the coherence bandwidth
of the channel and that the hop duration is much smaller than the coherence time of
the channel [Ref. 5]. The latter assumption is equivalent to requiring the hop rate
to be large compared to the Doppler spread of the channel. As a result, the signal
amplitude can be modeled as a Rician random variable that remains fixed at least

for the duration of a single hop.




C. Partial-Band Interference

One of the applications of frequency-hopped spread spectrum signals is to reduce
receiver performance degradation due to narrowband interference (either intentional
or otherwise). This is accomplished by transmitting each symbol at a different carrier
frequency according to some apparently random pattern known only by the trans-
mitter and the receiver. The bandwidth of the frequency-hopped signal is generally
much larger than the signal bandwidth in the absence of frequency-hopping. Conse-
quently, in order to interfere with the entire spread spectrum band, given a fixed total
interference power the noise power spectral density of the narrowband interference is
reduced. Rather than interfere with the entire spread-spectrum bandwidth simultane-
ously with the consequent reduction in noise power spectral density, the narrowband
interference may affect only a portion of the total spread spectrum bandwidth at
any one time, and the portion of the total spread spectrum bandwidth experiencing
narrowband interference may also change in an apparently random manner. This
is referred to as partial-band interference. In the case of partial-band interference,
only some of the transmitted symbols will be affected by narrowband interference,
and the question arises as to whether performance can be improved by implementing
diversity in the form of fast frequency-hopping; that is, each information symbol is
transmitted multiple times, and each transmission is at a different apparently random
carrier frequency within the overall spread spectrum bandwidth.

As mentioned previously, in this thesis the performance of two different fast
frequency-hopped M-ary orthogonal frequency-shift keyed (FFH/MFSK) noncoher-
ent receivers is investigated. The performance of the conventional FFH/MFSK non-
coherent receiver in a Rician fading channel with only wideband noise (no partial-
band interference) has been previously investigated [Ref. 6]. For the self-normalized

FFH/MFSK receiver, system performance is obtained as an upper bound on the




probability of bit error, while for the conventional FFH/MFSK receiver, the actual
probability of bit error is obtained. For both systems, the transmitter is assumed to
implement

In addition to wideband Gaussian noise, the channel is assumed to be affected
by narrowband noise in the form of partial-band interference. The interference that
is considered in this thesis may be due to a partial-band jammer as well as other
unintended narrowband interferences. The partial-band interference is modcicd as
additive Gaussian noise and is assumed to corrupt only a fraction v, where 1 > v > 0,
of the entire spread spectrum bandwidth at any one time. This is illustrated in Fig.
1.3 where S represents the signal power level, N;/2 the jamming noise plus thermal
noise power spectral density, No/2 the thermal noise power spectral density, B the
bandwidth of one frequency cell, and W the entire frequency band. In addition,
partial-band interference, when present, is assumed to be present in each branch of the
MFSK demodulator, and the fraction of the spread spectrum bandwidth experiencing
partial-band interference is assumed to be the same for all hops of a symbol. Hence,
7 is the probability that partial-band interference is present in all M channels of the
receiver, and 1 — v is the probability that partial-band interference is not present in
all M channels of the receiver. If N;/2 is defined to be the average power spectral
density of narrowband interference over the entire spread spectrum bandwidth, then
41N, /2 is the power spectral density of partial-band interference when it is present.
Thermal noise and other wideband noise that corrupt the channel are modeled as
additive white Gaussian noise, and the power spectral density of this wideband noise is
defined as Ny/2. Thus, the power spectral density of the total noise is Y"1 N, /2+ Ny /2
when partial-band interference is present and Np/2 otherwise. If the equivalent noise
bandwidth of each bandpass filter in both the conventional and the self-normalized

FFH/MFSK demodulators is B Hz, then for each hop the signal is received with noise
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of power NoB with probability 1 —+ when partial-band interference is not present and
with noise of power (y~! N; + Np) B with probability ¥ when partial-band interference
1s present.

The symbol rate is R, = R,/ log, M where M is the order of the MFSK modula-
tion and R, is the bit rate. Since the MFSK signal is assumed to perform L hops per
symbol, the hop rate is R, = LR,. The equivalent noise bandwidth of the bandpass
filters in each of the M channels of both the self-normalized FFH/MFSK receiver and
the conventional FFH/MFSK receiver must be at least as wide as the hop rate, and
in this thesis we use B = Rj,. The overall system bandwidth is assumed to be very

large compared to the hop rate.

D. Fast Frequency-Hopping

There are two types of frequency-hopping: fast frequency-hopping and slow-
frequency hopping. In fast-frequency hopping the carrier frequency changes (hops)
more than once per data symbol and all hops within a symbol duration are combined
in the receiver to provide the sample statistic, but in slow frequency-hopping the
carrier frequency changes only once per data symbol. Hence, the terms of ‘slow’
and ‘fast” do not mean absolutely how fast the carrier frequency changes. We define
diversity of order L as the case where each M-ary symbol is transmitted L times over
the channel. Thus, if E} is the energy for each trasmission then each M-ary symbol
requires a total energy of

E,=LE, (1.3)

where E, is the symbol energy. The diversity factor is a key point of fast frequency-
hopping communication systems, and the object of this thesis is to determine under

what conditons fast frequency-hopping systems czn provide immunity to partial-band

interference.




II. ANALYSIS

A. Determination of the Probability of Bit Error
1. Conventional Receiver
An analysis of the conventional FFH/MFSK receiver requires, to begin
with, a description of the samples at the output of the M quadratic detectors be-
fore diversity combining. The partial-band interference, when present, is assumed
to be present in all channels. Assuming equally likely M-ary symbols, we have the

probability of symbol error given L independent hops as

=3 ( L ) (1~ 7)E By () (21)

1=0

where Ps(7) is the conditional symbol error probability given that i out of L hops
are jammed. Assuming the signal is present in branch one, we have the probability

density function of the random variable z,; representing the output of the quadratic

detector [Ref. 3].

fxu(Zaklar) = ﬁexp 20.)1: ‘713

1 (_ T + 2a2) I («L/?wu ) w(z1s) (2.2)

where v/2a; is the signal amplitude, o? is noise power in hop k, and Ip(e) is the
zeroth-order modified Bessel function of the first kind. The unconditional probability

density function is found by evaluating

Pxnlawe) = [ fxu(@ilan)fa,(ar)day (23)

The amplitude of the signal is modeled as a Rician distributed random variable with
a probability density function as given by (1.1). Substituting (1.1) and (2.2) into
(2.3), we have

_ 1 T1k + 2a} ap/2z1 ,
Pxunlown) = gror ooy o (‘2(az+2az) fo| graor Juam)  24)

10




The probability density function of each of the M — 1 channels with only Gaussian
noise is

fx 0 (Tme) = E%CXP (-—-;—:;) u(z1k) (2.5)

k k
which is easily obtained by replacing the signal amplitude a; with 0 and replacing x4

with z,,x, where m = 2,3,4....M. Next, the L samples are combined to obtain the
final sample statistic. Assuming z out of L hops are jammed, we obtain the decision

variable for branch 1

L
Xl = Z Xlk
k=1

1 L
SxP+ > x@ (2.6)
k=1

=i+1
where the superscript () implies a jammed hop and ® implies a non-jammed hop.

Since each hop is assumed to be independent, we have
®i &(L~1)
fr(e1) = [FroreD)]” @ [fx )] (27)
where f ) (x§‘,3) is the probability density function when jamming is present, f, (2 (xgi))
1k 2k
when no jamming is present, ® implies convolution, ®: implies an i—fold convolu-
tion, and ®(L — ¢) implies an (L — 7)-fold convolution. Similarly, for the noise only
branches, we have the random variables
L
Xm = Z ka
k=1

L
= x4+ ¥ x8 m=23....M (2.8)
k=1 k=141

and the probability density function

INES (2),] 89
Fxn(am) = [Fon @] © [fxa(@2D)] (29)
For MFSK, the probability of symbol error is [Ref. 5]
. 1 . 1 M-1
Pii)=1= [ (i) [ fxn(em)dan] don (2.10)
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Equation (2.10) requires fx, (z1|¢) and fx,,(zm). In order to obtain fx, (z1}2),

we first rewrite (2.7)
Fxi(z1ld) = fx, (21]0) ® f%, (z10) (2.11)

Two probability density functions are computed separately

£, e @10)]

= { [F,‘(u(s)]i} (2.12)

fx, (z1]2)

where Fy,,(s) is Laplace transform of fx,,(z1x|¢) and L£~? is the inverse Laplace

transform operation.

[Fr. ()]

ex ~2iajo}, (o}, + 20?)
Pl F 2s(0Z; + 20%))(0F, + 20?)

1 1
X [1 + 2s(o; + 202)] (2.13)

where UZJ- represents jamming noise power plus thermal noise power. The inverse

Laplace transform of (2.13) yields

1—1
. 2ia? + 1, (0} +20%)] 7
1 _ _ k k

rs) -
[-;-] Ly [———“220"’} (2.14)

2(a?; + 207) of; + 202

tad

Similarly

L-—z')ai—{—:vl] [xl(o,f-i-?oz)] “

L
Futeli) = o | 2GoRen ][RP

1 -—*—I 2L - i)olz, 015
2(0? + 207) L ot + 202 (2.15)

where of represents thermal noise power. In order to obtain fx,(z,|¢), (2.14) and

(2.15) must be convolved. In general, this cannot be done analytically.
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For the noise branch, the probability density function is

2 107 ®(L-i)
1 - 1 -3 .
The Laplace transform of (2.16) is
i L-i
B{l) ﬁl(;2)
L +80°] [s+ 87
where
1 1
W= = == 2.18
Bk 20£j 9 k 20_3 ( )

Equation (2.17) can be expanded in a Heaviside partial fraction expansion to obtain

Fx. (s) Ky, K, Ky;
o (s) = g ——
s+ 8 (s 4 ) (s + 6"
K2 K3, B K-y

+

+ 4o g —20) (2.19)
2 2 (L—:)
s+87  (s+ 82 (s + 8

where the coefficients K;;, 7 = 1,2,---,7 and Ky , k = 1,2,---,L — 1 depend on
L and :. Specific coefficients for several values of L and ¢ are given in Table 2.1.

Applying the inverse Laplace transform to (2.19), we obtain

fxm(Tm)

A ] . K312 !
e Pk Em (1\11 + Kizm + 1;! L Kla‘(z._'_n—l)!>

+€_5‘kz)r"‘ (1\’21 + Kypzm +
. L-t-1
R A, 2. N (2.20)
M= =)

We can now compute the second integral in (2.10) using (2.20) with the

result
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L. i Coefficients
L=1, i=0] Ky =87
L=1, i=1]| Ky =8
L=2 1=0|Ky =0
Ky = (ﬂ£2))2

(1) (2]
. R 8
L=2 1=1| Ky = p
11 _ﬁkx +ﬁk2
Ky =Ky

L:Q, 1=2 I"11=0
K12 = ( 1‘:1))2
L=3 1=0{K;;=0
1(22 =0
K = (B")
. 1) 6(2) z
L=3, =1 I{llzk (W)
ﬁ(l)(g("’))z’k x
1(22 = ‘k(‘)_b‘(zj‘ﬁkx —C
Ko = ﬂl(cl)ﬂl(cz) - Kuﬂ;(cz) - gﬁ%

: 0 N oo
L = 3, 1= 2 I{21 = (W) P
(132 5(2)°

Ko = (8 ')’B

12 — e +ﬁ2

. Do _ 1 s K
1‘1] = ,£ & —“1\216].; _B:)
L=3, i=3|k;=0
]X’IQ =0
K5 = (B)°

TABLE 2.1: Coefficients of Heaviside Partial Fraction Expansion
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I\lp

/0 Y fxn(em)den = 3 12

p—l (5(1))
ﬁ =1 ‘T'I 1-r
- Ky,e "k
Z 1,, ,z-%(l = 1= r)i(B(1))+
L—. IX2
+ Y =
p=1 (Bl(cz))p
L—-t (2) p=1 l'L t—1-r
- Ko Pe o 1 (2.21)
2 Ko T
So the final form of P,(:) which must be evaluated numerically is
. R 2202 + Ty
ro) = 0= [ [{ow (~ati5m)
y z1(0}; + 207) 7 1 + I v/ 2iatz,
ia? 2(0%; + 202) T\ ok + 207
L+i—1
® e _2(L— z)az+z1 131(0’;‘:-'}-20'2) 2
P 2(0% + 20?) (L—1)a?
1 et 2(L —i)alzr,
“\ 2023209 Tpmima 2
2(0f + 20?) o} + 20
% 2’:—1’ —Zlﬁleﬁ()zlz -r
p=1 (/Bl(c ) p=1 r=0 (2 - 1 - T)!(,Hl(cl))r"'l
L-i - L-i
Ky, g
+ 1(2 e Pk T
2 o
p=1 :l,lL-i-l—r M'ld ( )
X T 2.22
rgo (L—i—1- )[(ﬂ(z))r+] !
2. Self-normalization Receiver

The difference between the self-normalization receiver and the conventional
receiver is the self-normalization factor which is the sum of all M channel outputs
after sampling at the outlet of the quadratic detectors. The new decision statistic is

the combination of self-normalized quadratic detector outputs. In order to find the
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probability density function of the random variables representing the self-normalized

quadratic detector outputs, we first define the random variable
Vi=(Xok+Xak + -+ Xmk) = Xk,  (m#1) (2.23)

The probability density function of the sum of independent random variables is the
convolution of the probability density functions of those random variables. Thus, the

probability density function of the random variable Vi requires M — 2 convolutions:

ka(vk) = szk(:t?k) ® szk($3k) K- ® fX.‘k(zik) ®

@ faap(Tmr) (2 # m) (2.24)

Assuming that all the probability density functions of the branches containing only

noise are the same, we have

) = [fxa(za)®M? (i £1 or m) (2.25)

The Laplace transform of fx,, (zi) is

1
FX.’);(S) = 20_,33 +1 (226)
Hence
/ M-2
1
Fy(s) = (m) (2.27)

Taking the inverse Laplace transform of (2.27), we get

M-2
_ 1 (’Uk)M_3 Vk
fu(ve) = (20,3) (M - 3)! P 202 (2.28)
As can be seen from Fig. 1.2, the random variables that represent the self-
normalized outputs of each of the M channels after diversity combining are obtained

as

L
Ui=) Ux,i=1,2,.... M (2.29)

k=1
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where Uiy, = 1,2,...,M, k = 1,2,...,L are the random variables that repre-
sent the self-normalized outputs of each of the M channels for hop k of a symbol.
These random variables are expressed in terms of the independent random variables
Xie.i=1,2,...,M, k=1,2,...,L representing the M independent outputs of the
M quadratic detectors for each channel of the receiver for hop & of a symbol as

Xik

Ui = =
T X+ Xk + - + Xk

(2.30)

where 0 < Uy < 1since 0 < Xt < 00,7 =1,2,...,M. Using 2.29, we can express

Pr(Uy < Unli) as

L L L
Pr (U, < Uyli) = Pr (Z Uy < Z Umkli) = Pr (Z Ui = Upr < 0|i) (2.31)
k=1 k=1 k=1

Defining the random variable Z1x = Uy — Upi, we obtain

L
Pr(Uy < Unli) = Pr (Z Zi < Oli)

k=1
= Pr (Z1 < O[i) (2.32)
where
L
Zy=) Zu (2.33)
k=1

is our alternative decision variable.

From 2.30 and the definition of Z;, above, we have

Zr = U — Unms

_ X1k — Xk
Xk + Xox + - + X
Xlk "ka

2.34
X1k + Xk + Vi (2:34)

where —1 < Z; < 1. This random variable represents the difference between the
power in the branch containing the signal and the power of one noise only branch

which are detected by quadratic detectors and normalized by the self-normalization
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factor. We use the auxiliary variable method [Ref. 7] to obtain the probability density

function of the new random variable Z;;, where we define the two auxiliary variables
Wi =V, Y = Xk (2.35)

Reforming (2.34) by replacing Vi and Xy with (2.35), we have

Yi(1 — Z1k) — Z1ue Wi

Xk = 2.36
g 14 Zik ( )
and the Jacobian of the transformation is
(1 4 21x)?
= — 2.37
2yk + wy (2.37)

Now the joint probability density function for the random variables Z,;, W), and
Y) is obtained in terms of the joint probability density function of the independent

random variables X;ix, Xmk, and Vi as

. yk(l — 21k) — 2120
meYka(zlk’ yk,‘wkli) = lJlen:(yk' )f-‘b‘mk ( l'li'i'lk - k) ka(wk)
2y + wy
(14 z1x)?
1 Ve + 2ak ar\/ 2y
Xo(2 €XP\ =572 2 9.2} 2 2
2(of +20?) 2(0f +20?) o+ 20
L eyp (YR = 21k) + Ziwi
20} P 20%(1 + z1)
M-2
1 (wk)M -3
— — 2.
g (%%) el (2.38)

Before evaluating the probability density function of the random variable z;;, we must
be careful in handling the range of the variables. Note that the range of the variable
Xmk is —oo < Xpp < 00, but recall that fx_,(zmk) is nonzero only for the range
Xmik 2> 0. For the range of —~1 < Zjx < 0, Xy is always greater than zero; but

for the range of 0 < Z;x < 1, the range of Xk is —00 < Xk < 00. Consequently,
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special care must be taken in evaluating fz,, (z1x). The probability density function

of the random variable Z,; is obtained from

. (') [e%) 1 .
lek(21k|1)=/o /0 D—lfzuykwk(zlk,yk,wkll)dwkdyk (2.39)

when —1 < Zy, < 0. Since fx,,, () is nonzero only for positive values of its argument,

then

1

oo pryr(1-21%)/ 21
lek(zlk)=/0 /0 mlekykwk(zlkaykywk)dwkdyk (2.40)

when 0 < Z;; < 1. Evaluating the integrals in (2.39) and (2.40), we have the

probability density function of random variable Z;; conditional on ¢

L (A4 m)M? —pr(l — z1k)
Jzulzuli) = (2 T & - zlk)) P (2 +&(1- Zlk))

2(1 4+ &) pr(1 + 21k)
{M —2 2 4 &k(1 — z1z) [1 * (14 & (1 — 214))(1 + €k)}}

—g(z1x)u(21k) (2.41)
where
. (1 — 21)M2(1 + )M N ( —pi(l — 211) )
9o = 60— a0 + 2w P \T+ &= )

y 1 ( Pk 21k )M—z
(M = 3)! \ (1 — &(1 — zua))(1 + &)
M3 (M —=2)(M-2)!
+ Z {(M — 2 —m)l(m!)?

m=0

Pk2k )m + ( 14+ 214 )
(14 & (1 — 216))(1 + &) 1+ &k(1 — z14)

“
g { 221k [ Pk21k
M

M-2-m
(1= 216 )(M =3 —m)! [(1+&(1 — 20))(1 + fk)]

a0 M-3-m PkZ1k g
* Z"B (M —3—m— q)/(g)? ((1 + &(1 = 21))(1 + fk))
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2z1:(M — 2 — m)?

0=z (M —2-m—q)

(1 + {k(l - zlk))(l -+ zlk)(M - 2)
i (1= 2)(1+ &) ]}}} (242)
and
0,2
pr = a_,l%
& = % (2.43)

are the signal-to-noise ratios of the direct signal component and the diffuse (or faded)
signal component, resp=ctively.

Having obtained the probability density function of the random variable
Z1x, we need to consider diversity to get the overall output sample statistics. The

random variable Z; is defined

L
Zy = Y Zu
k=1
: (1) - (2)
= Y7y + 2 Ziy (2.44)
k=1 k=141

and the probability density function of the random variable Z; is obtained as

®(L—1)

o) = (£ @] & [f (2] (2.45)

It is difficult to evaluate equation (2.45), so we leave this problem for numerical

analysis.

Now the probability of symbol error of the self-normalized FFH/MFSK

receiver is

P,(Z) = P'I‘(U] < U, U U, < Us U U U, < UM'Z) (246)

For M > 2, an analytic solution of (2.46) is not possible because the random variables

Uy, U, Us, - - - Ups-y are not independent. Hence, we use the union bound to obtain

20




an upper bound on system performance. From (2.46)
P,(i) < Pr(Uy < Usli) + Pr(Uy < Usli) +---+ Pr(Uy < Unml) (2.47)

Since we assume the sample statistics of all noise only branches are the same, then
(2.47) becomes

P,(i) < (M —1) Pr(Uy < Unli) (2.48)

where m = 2,3,4,---, M. Substituting (2.32) into (2.48), we have

P.(5) € (M = 1)Pr(Z, < 0}i) (2.49)
Since
Pr(Z, <0) = /_ OL fz,(z1]i)dz (2.50)
then from (2.49)
P < M=1) [ fr(aali)dn (2.51)

The probability of symbol error is related to the probability of bit error by [Ref. 5]

: 21
P(i) = P(i) x %1 vk = logaM
M
= ; — 5
PO X 507 (2.52)
Substituting (2.48) into (2.52), we get
. M o :

Ri) < 5 /_ Iz (a1l (2.53)

Equation (2.53) must be evaluated numerically.
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III. NUMERICAL ANALYSIS

Results of the probability of error analysis for both the conventional receiver
and the self-nomalization receiver are obtained for L = 1 to 6 hops per bit for several
signal-to-noise ratios and direct-to-diffuse component ratios as a function of signal-to-
interference ratio to provide an overall comparison of channel and interference effects
on system performance for both receivers. In all cases the evaluation of either (2.22)
or (2.41) is accomplished via a numerical integration routine. We consider L + 1
different cases for a diversity of L hops. For example, for L = 1 the two cases to be
considered are one non-jammed hop and one jammed hop. For L = 2 there are three
cases: neither hop jammed, one non-jammed hop and one jammed hop, and both hops
jammed. Additionally, the effect of the jamming ratio 4 on system performance is
examined. We can relate the signal-to-noise ratio to the signal energy density-to-noise

power ratio for a jammed hop as

ai + 20 _ E, Blog,M (3.1)
ok No+ Nj/vR, L '
where
o : direct signal power component
202 : diffuse signal power component

a? +20? : total signal power

0',3]- : thermal noise plus jamming noise power
E, : average signal bit energy density

Ny : thermal noise power spectral density

N, : jamming noise power spectral density

o : jamming ratio
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B : IF bandwidth

R, : symbol rate

M : number of symbols in alphabet
L : number of hops in a symbol

For hops with no partial-band jamming

af +20° _ Ey, Blog, M

o2  NoR, L (3-2)

where o} is the thermal noise power. Assuming the IF bandwidth (B) is equal to the

symbol rate, we can rewrite (3.1) and (3.2)

at + 20? _ E, log,M (3.3)
oZ; No+ Nj/v L ‘
and
2 2
o +20° _ Eylogg M
_-013 =N L (3.4)
For computational purposed, define
o = 1 (3.5)
E,
N = n (3.6)
E,
2
i
597 = Y (3.8)
log, M = w (3.9)
Substituting (3.5) through (3.9) into (3.3) and (3.4), we have
952 o w _
T T GrweL (310
2 nyvy w
- 3.11
% T GrmmFL (311
2 v
= — 3.12
ok (n+v) (3.12)
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Substituting (3.10), (3.11), and (3.12) into the probability density function of the
conventional receiver and the probability density function of self-normalization re-
ceiver and using an fast Fourier transform (FFT) routine with a sequence length of
N=1024, numerical sequences of the probability density functions are generated for

various signal-to-noise ratios of the jammed and non-jammed cases.

A. Conventional Receiver

Except for a single convolution, we have obtained analytic solution for the prob-
ability density function of the decision statistic for the conventional FFH/MFSK de-
tector. Unfortunately, the modified Bessel function terms make it difficult to obtain
a complete analytic solution for the general case. Consequently, we use an FFT to
perform the convolution numerically. Even though we have an analytic expression for
the probability density function of the noise branch statistic (the last part of (2.22)),
we use numerical methods to correspond with the signal statistic part which must be
evaluated numerically. Hence, we use different equations for the numerical procedure.

Equation (2.16) can be rewritten

Fxm(@m) = F2 (2m) @ fB (2m) (3.13)
where

x ®1

oy _ 1 -2

Jxpm(@m) = [2021_6 ks (3.14)
I ®(L-i)

(2] _ | -3

i (zm) = [20,36 k] (3.15)

Using the Laplace transform, we get

Fll (s) = [ e ]i (3.16)
=T s+ 8Y '

— k
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where

n  _
1
@ = 257 (3.19)
The inverse Laplace transform of (3.16) and (3.17) yields
g i-1 z
(1] _ 1 T Tl
L—i L-i-1 F
2 _ (4 Tm T

Now we have a different form of the probability density function of the random vari-

1\ ri-t -fjf‘

1 L-i xf.n—i—l i
®[(iaz) T ] (3.22)

Instead of (2.21) we substitute (3.22) into (2.22) and analyze (2.22) numerically be-

able X,

cause we need a numerical sequence of this formula to coincide with the numerical
sequence obtained for (2.11) The length of the basic sequence is N=1024, and prior
to convolution it is zero-padded to create a sequence of total length N=2048 since the
sequence is to be convolved one time.

Numerical problems are encountered since as the value of the variable z, in-
creases the exponential terms approach zero and the modifiied Bessel function terms
approach infinity. Hence, the multiplication of the exponential term and the modified
Bessel function term is invalid when the argument of the exponent is less than -745
or the argument of the modified Bessel function is greater than 705 when 386Mat-
lab is used. For example, in the situation described above, the value of exp(-745) is

4.9470e-324, but the value of exp(-746) is set to 0 by the computer. The value of
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Bessel(705),where the 386 MATLAB function for the modified Bessel function Iy(e)
is Bessel(e), is 2.2621e+304 and Bessel(706) is not defined. Even though the product
of the two is either zero or an invalid number, the true value of a multiplication is a
valid number. When this situation is encountered, the program evaluates the situa-
tion and uses either zero or one (because the cumulative probability density function
approaches one as the value of the variable increases).

When two probability density functions are convolved by an FFT, if the valid
range of one probability density function is much wider than the range of the other, the
result is almost the same as the probability density function that has wider range.
We must check for this situation whenever the parameters of the equation change
while the program is running, skip the numerical convolution steps, and instead use

the probability density function that has wider range as the convolution output.

B. Self-Normalization Receiver

The probability density function of self-normalization receiver (2.41) is relatively
complicated and we must use an L-fold convolution to evaluate (2.44); an i-fold con-
volution for jammed hops, an (L — ¢)-fold convolution for noniammed hops. and each
result must be convolved. To implement the convolution numerically, the numerical
sequences of the probability density function of the self-normalization receiver must
be zero-padded to a total length of N x L before the FFT is performed in order
to preserve the desired linear convolution of (2.44). The transformed sequences are

multiplied point by point to produce the desired seqence of
i L-i
Fz(s) = [FE)(9)] x [F2)(s)] (3.23)

where F is the Fourier transform of f. This result is then inverse fast Fourier trans-
formed to yield the desired sequence for fz (21). The procedures for L=3 and L=5

are similar to that for L=4 and L=6, respectively, because the length of the sequence
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for the I'FT should be a power of two, and the sequences should be zero-padded to
N=4096 (2'?) for L=3 and L=4 and to N=8192 (2'%) for L=>5 and L=6.

Equation (2.42) has many summations inside which must be carefully handled
since numerical errors are likely when the value of the variable z;; approaches one
When z,; approaches unity, the term 1/(1 — z,;) approaches infinity. Therefore, we

must group the terms properly to minimize numerical errors. Equation (2.42) is

rewritten
(222) zi(1 — z)M2(1 + )M 2 [ —pr(1 — 21) ]
Ek =0 - &(1 — )M (1 4 z1) P | T+ (1 = 21)
- 2)(M 2 PkZ1k m
* mz: =2=m)i(m!)? [(1 + &(1 — 216))(1 + &)

—pi(l — z14)
+ mX: P [1 + & (1 - zlk)]

x2‘°1k( (1 = 2)(A+ &M (1 + &)1 + 21:)™ (M — 2 — m)
(1 +&(1 ~ zyp))M-1-m
M-2-m M—=92—m Pk 21k q

) q; (M —2—-m— q)!(q)? [(1 + & (1 — zi))(1 + fk)J

= —pr(1 — z1x) ] ((1 = 20)(1 4 &M 3214 (1 + 204)™(M = 2)
T2 e [1 + &1 = z) (1+ €L — zp))M2m

M-3-m M=-=3—m [ PkZ1k ]9

(M =3 -m—q){(g")? [ (1 +&(1 —z1))(1 + &)

(3.24)

in order to minimize computational errors.
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IV. RESULTS

A FFH/MFSK receiver design that demonstrates strong immunity to the partial-
band interference is the noise normalization receiver. This receiver requires a measure-
ment of the noise power per hop, but it is not easy to measure the noise power precisely
in practical situations. This measurement is not required for the self-normalization
receiver; hence, it is easier to implement the self-normalization receiver. As will
be seen, partial-band jamming strongly affects the performance of the conventional
FFH/MFSK receiver, while the self-normalization FFH/MFSK receiver performs well
against partial-band jamming. Probability of bit error analyses for both the conven-
tional system and the self-normalization system assume worst case partial-band jam-
ming. The channel is modeled for a moderately strong direct-to-diffuse signal ratio
(a?/20% = 10) which we will refer to as Rician, and as a primarily Rayleigh faded
channel (a?/20? = 0.01). For Rician fading the worst case jamming ratio typically
increases as interference power increases. For Rayleigh fading worst case jamming
corresponds to broadband jamming (jamming ratio 4 = 1) for all levels of jamming

power.

A. Performance of Conventional FFH/MFSK Receiver

Graphs of the probability of bit error, including worst case, as a function of
signal-to-jamming ratio for fived signal-to-thermal noise ratios are obtained for 1
through 6 hops per symbol. These results are obtained by numerically evaluating
(2.44) for values of the jamming ratio ranging from 1.0 to 0.001 and retaining worst
case performance for each value of Ey/N; . The results for a Rician fading channel

are shown in Fig. 4.1 through Fig. 4.6.
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Conventional FH/MFSK Receiver Performance
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Figure 4.1: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping
Number per Symbol = 1, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.2: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 2, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 10
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Conventional FH/MFSK Receiver Performance
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Figure 4.3: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping
Number per Symbol = 3, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.4: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 4, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.5: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping
Number per Symbol = 5, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.6: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 6, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 10
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The signal-to-noise ratio, direct-to-diffuse ratio, and the modulation order are
choser: to enable direct comparison with the results obtained in [Ref. 2]. We see that
fo1 a Rician channel that diversity 1s not etfective in reducing the effects of worst case
partial-band jamming. Worst case performance is poorer when diversity is used than
for no diversity. As diversity increases, only the asymtotic value for high E,/N; ap-
proaches the performance of the noise-nomalization receiver. The order of modulation
has no effect with respect to providing immunity to partial-band interference. This
is illustrated in Fig. 4.4 and Fig. 4.7 through Fig. 4.9. Generally both diversity and
the order of modulatin are effective in improving system performance for full-band
jamming (4 = 1) as shown Fig. 4.10 and Fig. 4.11.

Generally both diversity and the order of modulation for a Rayleigh fading
channel are effective in improveing system performance for full band jamming (y = 1)
as shown i~ Fig. 4.10 and Fig. 4.11. However, System performance, shown in Fig.
4.12 throug'. r'ig. 4.16, is not improved by either diversity or modulation order when
worst case partial-band jamming is assumed. When the signal-to-thermal noise
ratio increases, the performance of the conventional receiver for worst case partial-
band jamming is unchanged from that of lower signal-to-thermal noise cases except

for the asymtotic limit of negligible E,/N;.
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Figure 4.7: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 4, Order of Modulation = 8 and Direct-to-Diffuse
_Signal Power Ratio = 10
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Figure 4.8: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 4, Order of Modulation = 16 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.9: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 4, Order of Modulation = 32 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.10: The Performance of the Conventional FFH/MFSK noncoher-
ent Receiver at Signal-to-Thermal Noise Ratio = 20.0dB, Jamming Ratio

= 1, Order of Modulation = 8 and Direct-to-Diffuse Signal Power Ratio
= 0.01
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Figure 4.11: The Performance of the Conventional FFH/MFSK noncoher-
ent Receiver at Signal-to-Thermal Noise Ratio = 20.0dB, Hopping Num-

ber per Symbol = 4, Jamming Ratio = 1 and Direct-to-Diffuse Signal
Power Ratio = 0.01
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Figure 4.12: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 1, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 0.01
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Figure 4.13: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 3, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 0.01
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Figure 4.14: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 5, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 0.01
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Figure 4.16: The Performance of the Conventional FFH/MFSK nonco-
herent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 4, Order of Modulation = 32 and Direct-to-Diffuse
Signal Power Ratio = 0.01
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B. Performance of Self-Normalization FFH/MFSK Receiver

All parameters used in the graphs for the self-normalization receiver are the
same as those used for the conventional receiver to make it easier to compare with
each other as well as with the noise-normalization receiver. As we see from Fig. 4.17
through Fig. 4.25, for a Rician fading channel, increasing diversity and increasing
modulation order are both effective in minimizing the effects of worst case partial-
band interference.

Overall, the performance of the self-normalization receiver is almost the same
as that of the noise-normalization receiver. There exists a small difference in the
performance of the two receivers. This difference is expected due to the union bound
used to obtain the FFH/MFSK self-normalized receiver performance. The union
bound has the most pronounced effect on system performance when E;/N; is small
and the modulation order is high. See, for example, Fig. 4.26 where the probability
of bit error for a bit energy-to-jamming noise density ratio of 0 dB with a jamming
ratio 1.0 is shown greater than unity. This is not valid for a probability. However,
the error performance at low E,/N; is not important, and the error due to the union
bound compared to the exact value at high E,/N; is not significant.

The performance of the self-normalization receiver for a Rayleigh fading channel
in worst case partial-band jamming is the same as for full band jamming (v = 1)
regardless of the parameters as shown in Fig. 4.27 through Fig. 4.29. Generally for
a Rayleigh fading channel, diversity is effective in improving the performance of the
self-normalization receiver. This is shown in Fig. 4.30. The effect of increasing the
modulation order is less significant as shown in Fig. 4.26. As mentioned previously,

the union bound makes the simulated performance worse than the true performance.

46




Self-Normalization FH/MFSK Receiver Performance

10° ? 20,2
. E/N=13.35 dB L=1 M=4 a°/20%10
& b @ k
L ! | o Jamning Ratio=1.0
S LW Y Jaming Ratio=8.2
SN - © Jamning Ratio=0.8)
o B----o- ~+ Janning Ratio=0.01
o L \ -+ Janming Rati0=0.001
. :~
O 1@'2 R e T
> ? \
E $----- R s e e - 2 N
-g 1@-3 ..........................................
o
o S
[ Solid Line : Uorst Case
D I SR N S
al 10 20 30 40

E /N (dB)
b

Figure 4.17: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 1, Order of Mcdulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.18: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 2, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.19: The Performance of the Self-Normalization FFH/MFSK non-

coherent Receiver at Signal-to-Thermal Noise Ratio =

13.35 dB, Hopping

Number per Symbol = 3, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.20: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 4, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.21: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 5, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.22: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 6, Order of Modulation = 4 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.23: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 4, Order of Modulation = 8 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.24: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 4, Order of Modulation = 16 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.25: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 13.35 dB, Hopping

Number per Symbol = 4, Order of Modulation = 32 and Direct-to-Diffuse
Signal Power Ratio = 10
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Figure 4.26: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 20.0dB, Hopping

Number per Symbol = 4, Jamming Ratio = 1 and Direct-to-Diffuse Signal
Power Ratio = 0.01
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Figure 4.27: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 20.0 dB, Hopping
Number = 1, Order of Modulation = 4 and Direct-to-Diffuse Signal Power
Ratio = 0.01
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Figure 4.28: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 20.0dB, Hopping

Number = 4, Order of Modulation = 4 and Direct-to-Diffuse Signal Power
Ratio = 0.01
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Figure 4.29: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 20.0dB, Hopping

Number = 6, Order of Modulation = 32 and Direct-to-Diffuse Signal Power
Ratio = 0.01
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Figure 4.30: The Performance of the Self-Normalization FFH/MFSK non-
coherent Receiver at Signal-to-Thermal Noise Ratio = 20.0dB, Jamming

Ratio = 1, Order of Modulation = 8 and Direct-to-Diffuse Signal Power
Ratio = 0.01




V. CONCLUSION

The probability of bit error performance for a conventional noncoherent FFH/MFSK
receiver has been obtained for Rayleigh- and Rician-faded channel with partial-
band jamming. The effect of fading is detrimental for both fading models, but fast
frequency-hopping in general provides a means to overcome, at least partially, fading
effects. However, the conventional receiver is severely affected by worst case partial-

- band jamming. It does not show any improvement in worst case performance with
high diversity or high order of modulation. The probability of bit error of the conven-
tional receiver in worst case partial-band jamming is always between 102 and 103
at Ey/N; of 20 dB regardless of E;/Ny, the order of modulation, diversity factor, or
direct-to diffuse power ratio. The probability of bit error of the self-normalization re-
ceiver in worst case partial-band jamming is the same as that of conventional receiver
for slow frequency-hopping (L=1). However, for fast frequency-hopping, the perfor-
mance becomes better and better with increasing diversity factors: the probability of

bit error is 5 x 1074 at L=2, 2 x 10~* at L=3, 10~* at L=4 and 8 x 10~5 at L=5 and

L=6. When the diversity factor is 6, the worst case performance is almost same as
that of full band jamming case (jamming ratio 1.0). At this point the jammer does
not need any information about the communicator to optimize the jamming effect by
managing the jamming power.

R The self-normalization receiver with diversity provides very good immunity to
worst case partial-band jamming and has a performance similar to that of the noise-
normalization receiver. The order of modulation also improves the overall perfor-
mance of the self-normalization receiver, but partial-band jamming affects higher

orders of modulation more than the lower ones. Thus, if the communicator uses a
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higher order of modulation and wants to suppress all partial-band jamming effects,

he should use a higher hopping rate.
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APPENDIX A

This is the Matlab program to produce the probability of bit %

error of

%
%

90 d°  dP 0P

L

L L4 90 o de de .4

Conventional FH/MFSK quadratic receiver.
Lee,Kang Yeun (Major ROKAF)

clear

3 signal-to-noise ratios to be implemented (13.35 db, 16 db and

20 db)

SNR=[21.62718524D0 39.81071706D0 100.0D0];

2 direct-to-diffuse signal power ratios (0.01 and 10)
DDR=[0.01D0 10.0D0]:;

4 jamming ratio (1, 0.1, 0.01 and 0.001)
JRATIO=[1.0D0 0.1DO 0.01DO0 0.001D0};
data=zeros(8,51):

set the thermal plus jamming noise power 1
rhokl=1;

basic sequence length is 1024

lim=1024;

n=2%lim;

zpad=zeros(1,1lim);

opad=ones(1,1lim);

hopping number (1 to 6)

for L=1l:6,

for jl=1:2, psi=DDR(Jj1l):

for j2=1:3, nu=SNR(j2):

for j3=1:4, gama=JRATIO(j3):

the order of modulation (M-ary : 4, 8, 16, 32-ary)
for j4=2:5; M=2~j4;

for j5=0:2:50, iota=10.0D0~(0.1DO0*]j5);

diffuse signal power ( rho )

rho=nu*gama*iota/ (nu+gama*iota)/(psi+1)*j4/L;
direct signal power ( alpha )

alpha=rho*psi;

thermal noise power ( rhok2 )

rhok2=iota*gama/ (iota*gama+nu);

set the sequence limit roughly based on the singal-to-noise ratio
(nu)

limx=80%*nu ;

divide the range by 100 to check the proper limit
delta=1imx/100;

select almost the middle value of the increment to compute the
sequence

of the probability density function.

63




0P d0 o

o¢ de 0P

x=0.49*%*delta:delta:limx-0.51%*delta;
g=exp (- (x+2*%L*alpha)/2/ (rhokl+rho))/2/(rhokl+rho). ...
* x/2/L/alpha).”...
((L-1)/2) .*abs(j~ (L-1) *bessel (L-1, j*sqrt (2*L*alpha*x) ...
/ (rhokl+rho)) ) *delta;
check the sequence whether it has invalid sequence or not
fi=find(isnan(g)):
g(fi)=zeros(1,length(fi)):
if the sequence has only 0s, the limit is too wide. Thus set the
first
increment as the new limit
if all(g==0)==1,
gmin=1;
if the sequence is valid, check the point around 1.0e-6 to select
the
new limit
else, [xx,gmax]=max(qg):
g(l:gmax)=ones(1l,gmax) *xx;
[xx,gmin]=min((g-1.0e-6).72);
end
limx=gmin*delta;
if the new limit is first or second value of the increment
redo above procedure
while gmin <= 2 ,
delta=1imx/100; x=0.5*delta:delta:limx-0.5%*delta;
g=exp (- (x+2*L*alpha)/2/(rhokl+rho))/2/ ...
(rhokl+rho) .*(x/2/L/alpha).” ...
((L-1)/2) .*abs (j~ (L-1) *bessel (L-1, j*sqgrt (2*L*alpha*x) ...
/ (rhokl+rho) ) ) *delta;
fi=find(isnan(g)):
g(fi)=zeros(1,length(fi)):
if all (g==0)==1,
gmin=1;
else, [xx,gmax]}=max(qg):
g(l:gmax)=ones(1,gmax) *xx;
(xx,gmin)=min((g-1.0e-6).72);
end
limx=gmin#*delta;
end
after setting the limit, whole range is divided by 1024
to produce the sequence
delta=limx/lim;x=0.49*delta:delta:1imx-0.51*delta;
if jamming ratio is 1, the computation is simpler than others
if j3 == 1,
gs=-(x+2*L*alpha)/2/(rhokl+rho)-log(2*(rhokl+rho))
+log(x/2/L/alpha)* ...
(L-1)/2+log(abs(j~ (L-1) *bessel (L-1,j*sgrt(2*L*alpha*x) ...
/ (rhokl+rho)))):
gs=exp(gs)*delta:
fi=find(isnan(gs)):
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gs(fi)=2zeros(1,length(fi));

if all(gs==0)==1,

gs=zeros(1,1lim);

gs(1)=1;

else,gs=gs/sum(gs) ;

end

ps=log(1/2/rhokl) *I+log(x)*(L-1)-log(fact(L-1)) - x/2/rhokl;

ps=exp (ps) *delta;

fi=find(isnan(ps)):

ps(fi)=zeros(1l,length(fi));

if all(ps==0)==1,

ps=ones(1,1lim);

else,ps=ps/sum(ps);

ps=cumsum(ps) ;

ps=ps/max(ps) ;

end

data(count,j5+1)=M/2/(M-1) *(1l-sum(gs.*ps.”~(M-1))):
else

if jamming ratio is not 1 , the hopping number has to be
considered

for i = 0 : L

if no hop is jammed

if i == 0,

delta=1imx/100;

x=0.5%*delta:delta:1imx-0.5*delta;

g=-(x+2*L*alpha)/2/ (rhok2+rho)-log(2* (rhok2+rho)) ...
+log(x/2/L/alpha)* ...
(L-1)/2+log(abs(j*(L-1) *bessel (L-1,j*sqrt(2*L*alpha#*x) ...

/ (rhok2+rho)))):

g=exp(g) *delta;

fi=find(isnan(g)):

g(fi)=zeros(1,length(fi)):

if all(g==0)==1,

gmin=1;

else, [xx,gmax)=max(g) ;g(l:gmax)=ones (1,gmax) *xx;
[xx,gmin]=min((g-1.0e-6).”2);

end

vlimx=gmin*delta;

check the sequence limit again

while gmin <= 2,

delta=vlimx/100;

x=0.5*delta:delta:vlimx-0.5*delta;
g=-(x+2*L*alpha)/2/(rhok2+rho)~log(2*(rhok2+rho)) ...
+log(x/2/L/alpha)* ...
(L-1)/2+log(abs(j~ (L-1) *bessel (L-1, j*sqgrt(2*L*alpha#*x) ...
/ (rhok2+rho)))):

g=exp(g) *delta;

fi=find(isnan(g)):

g(fi)=zeros(l,length(fi)):
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if all(g==0)==1,

gmin=1;

else,

(xx,gmax]=max(g) ;g (1l:gmax)=ones(1,gmax) *xx;

[xx,gmin}=min((g-1.0e-6).~2);

end

vlimx=gmin#*delta;

end

delta=vlimx/lim;

x=0.49*delta:delta:vlimx-0.51*delta;

gs=-(x+2*L*alpha)/2/(rhok2+rho)~log(2*(rhok2+rho)) ...
+log(x/2/L/alpha)* ...

(L-1)/2+log(abs(j~ (L-1) *bessel (L~1, j*sqrt (2*L*alpha*x) ...

/ (rhok2+rho)))):

gs=exp(gs) *delta;

fi=find(isnan(gs)):

gs(fi)=2zeros(1,length(fi));

if all(gs==0)==1,

gs=zeros(1l,1lim);

gs(l1)=1;

else,

gs=gs/sum(gs) ;

end

ps=-log(2*rhok2) *L+log(x) * (L-1)-log(fact(L-1)) - x/2/rhok2;

ps=exp(ps) *delta;

fi=find(isnan(ps)):

ps(fi)=zeros(1l,length(fi));

if all(ps==0)==1,

ps=ones(1l,1lim);

else, ps=ps/sun(ps):

ps=ps/sum(ps) ;

ps=cunsum(ps) ;

ps=ps/max(ps) ;

end

if all hops are jammed

elseif i == L,

delta=1imx/100;

x=0.5*delta:delta:1imx-0.5*delta;

g=-(x+2*i*alpha)/2/(rhokl+rho)-log(2*(rhokl+rho)) ...

+log(x/2/i/alpha)* ...

(i-1)/2+log(abs(j~ (i-1) *bessel (i-1,j*sqrt(2*i*alpha*x) ...

/ (rhokl+rho))));

g=exp(g) *delta:;

fi=find(isnan(g));

g(fi)=zeros(1,length(fi)):

if all(g==0)==1,

gmin=1;

else,

[xx,gmax]=max(g) ;g (1:gmax)=ones(1,gmax) *xx;

[xx,gmin)=min((g-1.0e-6).~2);
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end

ulimx=gmin*delta;

check the sequence limit again

while gmin <=2,

delta=ulimx/100;

x=0.5%delta:delta:ulimx-0.5*delta;
g=-(x+2*i*alpha)/2/ (rhokl+rho)~log(2*(rhokl+rho)) ...
+log(x/2/i/alpha)* ...
(i-1)/2+log(abs(j~ (i-1) *bessel (i-1,j*sqgrt(2*i*alpha*x) ...
/ (rhokl+rho))));

g=exp(g) *delta;

fi=find(isnan(qg)):

g(fi)=zeros(1,length(fi)):

if all(g==0)==1,

gmin=1;

else,

[xx,gmax]}=max(q) ;

g(l:gmax)=ones(1,gmax) *xx;
[xx,gmin)=min((g-1.0e-6).~2);

end

ulimx=gmin*delta;

end

delta=ulimx/lim;

x=0.49*delta:delta:ulimx-0.51*delta;
gs=-(x+2*i%*alpha)/2/(rhokl+rho)-log(2* (rhokl+rho)) ...
+log(x/2/i/alpha)* ...
(i-1)/2+log(abs(j~ (i-1)*bessel (i-1,j*sqrt(2*i*alpha*x) ...

/ (rhokl+rho)))):

gs=exp(gs) *delta;

fi=find(isnan(gs)):

gs(fi)=zeros(1l,length(fi)):

if all(gs==0)==1,

gs=zeros(1l,1lim);

gs(l)=1;

else,

gs=gs/sum(gs) ;

end ‘
ps=-log(2*rhokl)*i+log(x)*(i-1)-log(fact(i-1)) - x/2/rhokl;
ps=exp(ps) *delta;

if all(ps==0) ==1,

ps= ones(1,1lim);

else,

fi= find(isnan(ps)):

ps(fi)=zeros(1l,length(fi)):;

ps = cumsum(ps);

ps = ps/max(ps):

end
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else

if i hops are jammed and L-i hops are not jammed
check the sequence limit again

rhok=rhokl;

delta=1imx/100;

x=0.5%*delta:delta:1limx-0.5%*delta;
g=-(x+2*i*alpha)/2/(rhok+rho)~log(2*(rhok+rho)) ...
+log(x/2/i/alpha)* ...
(i-1)/2+log(abs(j~(i-1) *bessel (i-1,j*sqrt(2*i*alpha*x)
/ (rhok+rho)))):

g=exp(g) *delta;

fi=find(isnan(g)):

g(fi)=zeros(l1l,length(fi)):

if all(g==0)==1,

gmin=1;

else,

[xx,gmax])=max(q) ;

g(l:gmax)=ones(1l,gmax) *xx;
[xx,gmin]=min((g-1.0e-6).%2);

end

wlimx=gmin*delta;

while gmin <=2,

delta=wlimx/100;

x=0.5*delta:delta:wlimx-0.5*delta;
g=-(x+2*i*alpha)/2/(rhok+rho)-log(2* (rhok+rho)) ...
+log(x/2/i/alpha)* ...
(i-1)/2+log(abs(j~ (i-1) *bessel (i-1,j*sqrt(2*i*alpha*x)

/ (rhok+rho)))):

g=exp(g) *delta;

fi=find(isnan(qg)):;

g(fi)=zeros(l,length(fi)):

if all(g==0)==1,

gmin=1;

else,

[xx,gmax]=max(q) :

g(l:gmax)=ones (1l,gmax) *xx;
[%xx,gmin)=min((g=-1.0e-6).72);

end

wlimx=gmin*delta;

end

rhok=rhok2;

delta=1imx/100;

x=0.5*delta:delta:1imx-0.5*delta;

== (x+2*(L-i) *alpha)/2/ (rhok+rho)-log(2* (rhok+rho))
+log(x/2/(L-i)/alpha)* ...
(L-i-1)/2+log(abs(j~ (L-i-1) *bessel (L-i-1,j*sqrt (2*(L-1i)
*alpha*x)/ ...

(rhok+rho)))):
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g=exp(g) *delta;
fi=find(isnan(q)):;
g(fi)=zeros(1,length(fi));
if all(g==0)==1,

gmin=1;

else,

[xx,gmax]=max(qg) ;
g(l:gmax)=ones(1,gmax) *xx;
[xx,gmin]=min((g-1.0e-6).~2);
end

zlimx=gmin*delta;

check the sequence limit again
while gmin <=2,
delta=z1imx/100;
x=0.5*delta:delta:zlimx-0.5*delta;
g=-(x+2*(L—i)*alpha)/Z/(rhok+rho)-log(z*(rhok+rho)) .o
+log(x/2/(L-i)/alpha)* ...
(L-i-l)/2+log(abs(jA(L-i-l)*bessel(L-i-l,j*sqrt(Z*(L-i)
*alpha#*x)/(rhok+rho)))):
=eXp(g) *delta;
fi=find(isnan(qg));
g(fi)=zeros(1,length(fi));
if all(g==0)==1,
gmin=1;
else,
[xx,gmax]=max(g) ;
g(l:gmax)=ones(1,gmax) *xx;
[%x,gmin]=min((g-1.0e-6).~2);
end
zlimx=gnin*delta;
end
produce the sequency of jammed hop of signal branch
delta=wlimx/lim;
x=0.49*delta:delta:wlinx-0.51*delta:
g1=-(x+2*i*a1pha)/2/(rhok1+rho)-10g(2*(rhok1+rho)) .o
+log(x/2/i/alpha)* ...
(i-l)/2+log(abs(j‘(i-l)*bessel(i-l,j*sqrt(z*i*alpha*x) ces
/ (rhokl+rho))));
gdl=exp(gl) *delta;
fi=find(isnan(gl));
gl(fi)=zeros(1,length(fi));
if all(gl==0)==1,
gl=zeros(1,lim);
gl(1l)=1;
else,
gl=gl/sum(gl);
end
produce the sequence of nonjammed hop of signal branch
if wlimx >= 100*zlimx
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gs=[gl zpad]:

else

g2=-(x+2*(L-i) *alpha)/2/{rhok2+rho)-log(2* (rhok2+rho)) ...
+log(x/2/(L-1) ...
/alpha)*(L-i-1)/2+log(abs(j~(L-i-1) *bessel (L-i-1, ...
j*sqrt(2*(L-i) ...

*alpha*x)/(rhok2+rho)))):

g2=exp(g2) *delta;

fi=find(isnan(g2)):

g2(fi)=zeros(1l,length(fi));

if all(g2==0)==1,

g2=zeros(1,1lim);

g2(1)=1;

else,

g2=g2/sum(g2) ;

end

produce the sequence of signal branch
gs = abs(ifft(fft(gl,n).*fft(g2,n),n));
gs = gs/sum(gs);

end

produce the sequence of jammed hop of noise branch
pl=-log(2*rhokl) *i+log(x)*(i-1)~-log(fact(i-1))-x/2/rhokl:
pl=exp(pl) *delta;

fi=find(isnan(pl)):

pl(fi)=zeros(1l,length(fi)):

if all(pl==0)==1,

pl=zeros(1l,1lim);

pl(l)=1;

else,

Pl=pl/sum(pl):

end

produce the sequence of nonjammed hop of noise branch
p2=-log(2*rhok2) *(L-i)+log(x) *(L-i-1)-log(fact(L-i-1))-x/2/rhok2;
p2=exp(p2) *delta;

fi=find(isnan(p2)):

p? fi)=zeros(1l,length(fi));

if all(p2==0)==1,

p2=zeros(1,1lim);

P2(1)=1;

else,

p2=p2/sum(p2) ;

end

produce the sequence of noise branch

pPs = abs(ifft(fft(pl,n).*fft(p2,n),n)):

ps = cumsum(ps):;

ps = ps/max(ps):

end
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% compute the probability of bit error using sequence
tdata‘i5+1)=tdata(j5+1)+bino(L,i)*gama*i*(1-gama)~(L-i) ...
*M/2*% (1-sum(gs.*ps.”~(M-1))):
end, end, end
data=[data;td];
save datafile data;

end, end,end,end, end
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APPENDIX B

This is the program to produce the probability of bit error of
Self-Normalization FH/MFSK Receiver
Lee, Kang Yeun (Major, ROKAF)

three special routines

fact : factorial routine

bino : binomial coefficient routine

ereval : error probability computation routine using fft

3 signal-to-noise ratio(13.35db, 16db, 20db)
SNR=[21.62718524D0 39.81071706D0 100.0D0]:

3 direct-to-diffuse signal power ratio (0.01, 1, 10)
DDR={0.01D0 1.0DO 10.0D0];

4 jamming ratio

JRATIO1=[1.0DO 0.2D0 0.1DO 0.05DO0 0.01DO)]:
JRATIO2=[1.0D0 0.2DC 0.05D0 0.01DO 0.001DO];

Bandwidth-to~Symbol Rate Ratio (BW/Rs : 1 2 )
mu=1.0D0;

M-ary

M=16.0D0;

Multichannel factor w=logM/log2
omega=log(M)/log(2.0D0) ;

Bit SNR 13.35 db
nu=SNR(1);

count=1;

Hopping number (1 to 6)
for J1=1:6
1I=J1;

Direct-to-Diffuse signal ratio ( 0.01 1 10 )
for J3=1:3
psi=DDR(J3):

Direct SNR of NOJAMMING CASE
rho=omega*nu*psi/mu/ (psi+1.0D0)/L;
Diffuse SNR of NOJAMMING CASE
xi=omega*nu/mu/ (psi+1.0D0)/L;

produce the sequence of nojamming case
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z=-0.999D0:0.002D0:0.999D0;

NOJAM=exp (rho* (z-1.0D0) ./ (2.0D0O+xi*(1.0D0-2))). ...
*(1.0D0+2) .~ (M-2.0D0) ...
./(2.0DO+xi*(1.0D0-2)).*((2-0DO*(1.0D0+xi))./ ...
(xi=* (1. 0DO=-2)+ 2 . 0DO) . . .
.*(1.0D0+rho* (1.0D0+2)./((2.0D0+xi*(1.0D0~-2)) ...
*(1.0D0+xi)))+M-2.0D0) ;

Z2=0.001D0:0.002D0:0.999D0;
B=rho*z./((1.0D0+xi*(1.0D0-z))*(1.0D0+x1i));
E=exp(rho*(z-1.0D0)./(1.0D0+xi*(1.0D0-2))):

TT=zeros (M-1,500) ;

for N=0:M-2

TT(N+1, :)=fact (M~-2.0D0) /fact (M-2.0D0-N) /fact (N)~2*B.~N;
end

Tl=sum(TT).*((1.0D0-2)*(1.0D0O+xi)) .~ (M=-2).*z. ...
*(M-2.0D0)./(1.0D0+2)...
./(1.0D0+xi*(1.0D0~2)) .~ (M-1).*E;

TT=zeros (M-2,500) ;

for N=0:M-3

TTl=zeros(M-1-N,500):

for I1Q=0:M-2-N

TT1(IQ+1,:)=fact(M-2.0D0-N)/fact (M-2.0D0-N-IQ)/fact(IQ)"2*B.~IQ;

end

TEMP=2.0DO0* ((1.0D0-2)*(1.0D0+x1i)) .~ (M=3=-N).*(1.0D0+xi).*z.72 ...
.*(1.0D0+2z) .~ (N-1) .*(M-2.0DO-N) ;

TEMP=TEMP./(1.0D0+xi*(1.0D0~2)) .~ (M=1.0D0-N) .*E.*sum(TT1);

TTl=zeros(M-2-N,500); :

for IQ=0:M-3-N

TT1(IQ+1,:)=fact(M-3.0D0~N)/fact(M-3.0D0-N-IQ)/fact(IQ)~2*B."1IQ;

end

TEMP1=((1.0D0~-2)*(1.0D0+xi)) .~ (M=-3-N).*z ,*(1.0D0+z) ...
.~AN.*(M-2.0D0)./(1.0DO+xi*(1.0D0~-2)) .~ (M-2-N).*E;

if IQ == 0,

TT (N+1, : )=TEMP+TEMP1l.*TT1;

else

TT (N+1, : )=TEMP+TEMP1l. *sum(TT1) ;

end

end

T1=T1+sum(TT) ;

$ sequence of nojamming case
NOJAM(501:1000)=NOJAM(501:1000)-T1;

Ps=zeros(5,41):

% jamming ratio
for J4=1:5
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if J3==
gamma=JRATIO2 (J4) ;
else
gamma=JRATIOl (J4);
end

% Signal-to-Jamming noise ratio ( 0 db - 40 db )

for J5=0:40
iota=10.0D0~ (0.1D0*J5) ;

% Direct SNR of JAMMING case
rho=omega*nu*iota*psi*gamna/mu/ (psi+1.0D0)/(iota*gamma+nu)/L;
$ Diffuse SNR of JAMMING case
xi=omega*nu*iota*gamma/mu/ (psi+1.0D0)/ (iota*gamma+nu)/L;

£ produce the sequence when the signal is jammed by noise jamming

2=-0.999D0:0.002D0:0.999D0;
JAM=exp (rho*(z-1.0D0)./(2.0D0+xi*(1.0D0-2))). ...
*(1.0D0+z).~(M-2.0D0)...

./(2.0DO+xi*(1.0D0-2)). ...
*( (2.0D0*(1.0DO+x1))./(xi*(1.0D0~-2)+2.0D0)...
+*(1.0D0+rho*(1.0D0+2)./((2.0D0+xi*(1.0D0-2)) ...
*(1.0D0+x1i)))+M~-2.0D0);

2=0.001D0:0.002D0:0.999D0;
B=rho*z./((1.0D0+xi*(1.0D0-2))*(1.0D0+xi
E=exp (rho* (2-1.0D0)./(1.0D0+xi*(1.0D0-2)

N Ve

):
):

TT=zeros (M-1,500);

for N=0:M-2
TT(N+1,:)=fact (M-2.0D0)/fact (M-2.0D0-N)/fact(N)~2*B.~N;
end

Tl=sum(TT) .*((1.0D0-2)*(1.0D0O+xi)).~(M-2). ...
*zZ.%(M-2.0D0)./(1.0D0+2)...
./(1.0D0O+xi*(1.0D0~-2)) .~ (M-1).*E;

TT=zeros (M-2,500);

for N=0:M-3

TTl=zeros (M-1-N,500);

for IQ=0:M-2-N

TT1(IQ+1l,:)=fact(M-2.0D0-N)/fact(M-2.0D0-N-IQ)/fact(IQ)~2*B.~IQ;

end

TEMP=2.0DO*( (1.0D0~z)*(1.0D0+xi)) .~ (M=-3=-N).*(1.0D0O+xi).*z2.~2 ...
.*(1.0D0+2) .~ (N-1) .*(M=-2.0D0O=-N);

TEMP=TEMP./(1.0D0+xi*(1.0D0-2)).~(M=-1.0D0-N) .*E.*sum(TT1);

TTl=zeros(M-2-N,500);

for IQ=0:M-3-N

TT1(IQ+1,:)=fact(M-3.0D0-N)/fact(M-3.0D0-N-IQ)/fact(IQ)~2*B.~IQ;
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end

TEMP1=((1.0D0-2z)*(1.0D0+xi)).~(M=-3-N).*2.%(1.0D0+2) ...
.~AN.*(M-2.0D0)./(1.0DO+xi*(1.0D0~-2)) .~ (M-2-N).*E;

if 10 == 0,

TT(N+1, : )=TEMP+TEMP1.*TT1;

else

TT(N+1, : )=TEMP+TEMPl. *sum(TT1) ;

end

end

T1=T1l+sum(TT) ;

% the sequence of jamming case
JAM(501:1000)=JAM(501:1000)-T1;

'bino' and 'ereval'! are the functions for binomial and error
evaluation.

Pb = (M/2)/(M-1)*Ps

$
%
$ Ps(i) <= (M-1) * Pr( z < 0 )
%
£ Pb <= (M/2) * Pr( 2 < 0 )

L. 4

probability of symbol error

for i=0:L

Ps(J4,J35+1)=Ps(J4,J5+1)+bino(L,i) *gamma~i* (1-gamma)~ (L-i) ...
*ereval (NOJAM,L-i,JAM,1i);

end

% probability of bit error
Ps(J4,J5+1)=(M/2.0D0) *Ps (J4,J5+1) ;

end
end

$ Save the Results and Plot
save data Ps

end
end
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